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Exotic excitations can emerge in the vicinity of a quantum phase transition. When the quantum critical point of the 
one-dimensional (1D) transverse field Ising model is perturbed by a longitudinal magnetic field, it was predicted 
that its massive excitations are precisely described by the exceptional E8 Lie algebra. Here we show an unambiguous 
experimental realization of the massive E8 phase in the quasi-1D antiferromagnetic material BaCo2V2O8, via 
nuclear magnetic resonance and inelastic neutron scattering measurements, and detailed theoretical analysis. The 
large separation between the masked 1D and 3D quantum critical points of the system allows us to identify, for the 
first time, the full 8 single-particle E8 excitations as well as various multi-particle states in the spin excitation 
spectrum. Our results open new experimental route for exploring the dynamics of quantum integrable systems and 
physics beyond integrability, and thus bridge key physics in condensed matter and statistical field theory. 
Characterizing the structure of excitations constitutes one major theme of condensed matter physics. In particular, when a 
strongly-correlated system is driven by quantum fluctuations, excitations above the ground state carry an enormous amount 
of information and become therefore crucial for a full understanding of these systems. Compelling examples include exotic 
non-Fermi-liquid behavior and high-temperature superconductivity in cuprates and heavy fermions [1-4], novel Bethe 
string excitations in the gapless region of a Heisenberg-Ising chain [5, 6], and the peculiar spin dynamics in one-
dimensional (1D) quantum magnets [7, 8]. 
 The degrees of freedom of the excited states are responsible for the dynamics of a system and can only be unveiled through 
correlation functions and a dynamic probe thereof. A remarkable example is provided by the 1D transverse-field Ising 
model, a paradigmatic prototype of a quantum phase transition [9, 10]: its quantum critical point (QCP) Hamiltonian is 
described by the simplest conformal field theory (CFT) with central charge 1/2 while its scaling region nearby is spanned 
by two relevant operators, the thermal operator and the spin operator [11].  Notably, the analytical deformation of the 
critical point Hamiltonian by means of the longitudinal field (conjugate to the spin operator) gives rise, in the continuum 
 limit of the model, to an integrable field theory: the mass spectrum of the theory turns out to be beautifully organized 
according to an E8 pattern [12], where E8 is an exceptional Lie algebra of rank 8. Compelling though it may be, the 
manifestation of this exotic E8 physics can only be established via a dynamics study, which placed a major obstacle to its 
material realization. Despite this inherent difficulty, the observation of the lowest two E8 states (m1 and m2) in quasi-1D 
ferromagnetic CoNb2O6 from inelastic neutron scattering measurements provided evidence of the quantum E8 spectrum 
[13], and motivated further materials-based studies on this fascinating symmetry [14]. 
Here we report an experimental realization of the full E8 spectrum via a detailed study on the spin dynamics of the quasi-
1D antiferromagnetic (AFM) compound BaCo2V2O8 (BCVO) [cf. Fig. 1 for chain structure, phase diagram, and a simple 
illustration of E8 physics].  The virtue of this material is that the putative 1D QCP, around where the E8 spectrum is 
observed, lies deep inside the AFM ordered phase so that the influence of the 3D QCP is minimal. Taking this advantage, 
we are able to resolve, for the first time, all the 8 single-particle E8 excitations (m1, m2, to m8 with increasing energy) and 
various multi-particle ones as well above the 2m1 energy threshold from the inelastic neutron scattering data. Both the 
masses and relative spectral weights of these observed excitations nicely match our theoretical results [cf. Figs. 3 and Table. 
S1], providing unambiguous evidence for the E8 spectrum.  
The key ingredient of realizing the quantum E8 spectrum is to experimentally access a QCP of transverse-field Ising chain 
(TFIC) universality whose emergent physics is controlled by a central charge 𝑐 ൌ 1/2 CFT [11]. Recent progress [15, 16, 
17] on the quasi-1D Heisenberg-Ising AFM materials BCVO and SrCo2V2O8 (SCVO) indicate that they both accommodate 
the QCP of TFIC universality when a magnetic field is applied in the ab plane of the crystal. In particular, when the field 
is applied along the [010] direction, a staggered field long the [100] direction and a four-period staggered field along the 
c axis are induced as a combined effect of the four-period screw chain structure along the c axis [see Fig. 1(a)] and a slight 
mismatch between local octahedral environment and the crystalline axes [18]. The induced staggered transverse field is 
shown to significantly reduce the field value of the QCP of TFIC universality in SCVO [16, 17]. For BCVO, the effective 
one-dimensional Hamiltonian with field applied along the [010] direction follows [19-21] 
ℋ ൌ 𝐽∑ ൣ𝑆௡௭𝑆௡ାଵ௭ ൅ 𝜖൫𝑆௡௫𝑆௡ାଵ௫ ൅ 𝑆௡௬𝑆௡ାଵ௬ ൯൧୬ െ 𝜇஻𝑔௬௬𝐻 ∑ ቂ𝑆௡௬ ൅ ℎ௫ሺെ1ሻ௡𝑆௡௫ ൅ ℎ௭ cos ቀ𝜋 ଶ௡ିଵସ ቁ 𝑆௡௭ቃ௡ െ               𝜇஻𝑔௭ ∑ ሺെ1ሻ௡𝐻′𝑆௡௭௡ ,                                                                                                                                  ሺ1ሻ 
where the first term is the XXZ Hamiltonian along a chain with the intra-chain interaction coupling 𝐽 ൌ 5.8 meV, the 
anisotropic factor 𝜖 ൌ 0.46, and 𝑆௡ఓ ൌ 𝜎ఓ/2, with three Pauli matrices 𝜎ఓ (𝜇 ൌ 𝑥,𝑦, 𝑧) referred to the spin-1/2 operator at 
site 𝑛. The second term includes the staggered fields induced by the external field 𝐻, with the Bohr magneton 𝜇஻, the 
gyromagnetic ratio 𝑔௬௬ ൌ 2.75, and the ratios of the induced fields to 𝜇஻𝑔௬௬𝐻: ℎ௫ሺ௭ሻ ൌ 0.4ሺ0.14) scale the induced fields 
[19, 20]. The last term describes the effect of interchain coupling within a chain-mean-field approximation when the 
material is in the 3D AFM phase, where the effective staggered field 𝐻′ is proportional to the interchain coupling 𝐽′ and is 
determined self-consistently [19]. Its strength continuously weakens and fades away with increasing H until the 3D AFM 
order vanishes. 
Without taking into account the inter-chain coupling, a QCP of TFIC universality is theoretically expected to arise around 
5T according to the detailed infinite time-evolving block decimation (iTEBD) [22, 23] simulation in [17, 21]. The 
interchain coupling shifts the true 3D quantum phase transition to be around 10T in BCVO [see Fig. 1(b)] [19, 24]. This 
 implies that inside the 3D AFM phase, the effective staggered field 𝐻′ perturbs the 1D QCP, provides a necessary factor 
for the desired excitations with E8 symmetry [21]. 
We have first determined the location of the putative 1D QCP via carrying out 51V NMR measurements on BCVO with 
transverse field scanning from 3T to 12T. The spin-lattice relaxation rate 1/51T1 with temperature at various transverse field 
values are shown in Fig. 2(a). Below 15K, 1/51T1 exhibits a strong field dependence consistent with the onset of 1D critical 
magnetic correlations. At low fields, the magnetic transitions are clearly evidenced by a peaked feature in the 1/51T1, 
indicating strong low-energy spin fluctuations when magnetic ordering occurs. A sharp drop of 1/51T1 is followed below 
Néel temperature TN, dominated by the spin-wave excitations. By which, the TN at each field is then determined and 
displayed in the phase diagram of Fig. 1(b). In the vicinity of the 1D QCP, it is proposed that the 1/𝑇ଵ in the paramagnetic 
phase follows an analytical form of 1/𝑇ଵ ~𝑇ି଴.଻ହ𝑒ି∆/௄ಳ்[7, 10], where Δ is the gap value. It is shown that 1/𝑇ଵ follows 
this power-law form at 5 T, but deviates from it at other fields, which suggest a 1D QCP exists at about 5 T [see Fig.2( b) 
inset]. To better resolve the 1D QCP, we calculate the gap Δ and find it follows ∆ሺ𝐻ሻ ൌ 1.62𝑔௫௫𝜇஻ሺ𝐻 െ 𝐻஼ሻ with field, 
where 𝐻஼ ൌ 4.7 േ 0.2 T. [cf. Fig.2(b)]. The linearly vanishing gap and the scaling exponent 0.75 near 5 T demonstrate a 
QCP of TFIC universality in the relaxation rate [10]. Although the QCP hides in the 3D ordering dome, it still possesses a 
wide quantum critical region outside the ordering dome as clearly observed in the NMR measurements. 
At H ~ Hc, the stable Néel ordering masks the desired QCP on one hand but provides a necessary effective perturbation 
field for the emergent E8 physics on the other hand [21]. The slightly off-critical TFIC can be described by a central charge 
1/2 CFT perturbed by its relevant magnetic field (cf. Eq. S7 in [21]). We then perform inelastic neutron scattering 
measurements on BCVO at the transverse magnetic field. Fig. 3(a) shows the constant-Q (zero transfer momentum) spectra 
at zone center Q = (002), with field near the identified (masked) 1D QCP. The Gaussian fit to the data obtained dynamical 
spectrum reveals many distinctive peaks, which are found to match exactly the theoretical excitation pattern as displayed 
in Fig. 3(b, c). First, all the 8 single-E8 particle energies, whose positions are marked by red vertical lines, are resolvable, 
with the two lightest particles matching the golden mass ratio ~1.618, and a common trend of reducing spectral weight 
with increasing energies [comparing Fig. 3(a, b)]. Second, various multi-E8 particle excitations are also clearly resolved 
as spectral peaks, even in the continuum region [comparing Fig. 3(b, c) and Fig. S3]. One astonishing feature is that at 
high-energies, some multi-particle peaks can be more prominent than the single-particle ones, leading to the accountability 
of these modes and full consistency with our theoretical results [Fig. 3(a-c), Fig. S3 and Table S1].  Due to the confinement 
of the low dimensionality, each two-particle scattering channel contribute a non-trivial two-particle DSF continuum with 
a sharp edge at low-energy boundary and a peaked feature close to this boundary (cf. Fig. S3(b) in [21]), leading to 
experimentally distinguishable peaks. Note that some of these states are caused by the zone folding effect, which is further 
addressed below via iTEBD method.  
To detail the dynamic characteristics, we perform analytical calculations of the quantum integrable model of the E8 
dynamic spectrum. Corresponding to the inelastic neutron scattering measurement, following the form factor framework 
of quantum E8 integrable model [25-29], we calculate the dynamic structure factor for the zero-momentum transfer with 
cut-off energy fixed at 𝜔௖௨௧ ൌ 5𝑚ଵ (𝑚ଵ is the mass of the lightest particle in the model), which is above the threshold of 
the two-particle excitations [21]. To achieve this realistic goal, we calculate the contribution from all channels, as 
summarized in Table S1 [21], within each channel the total energy is smaller than 𝜔௖௨௧. The analytical result for each 
channel is summarized in Figs. S3 with individual scattering channels’ contribution exhibited in Table S1. We can directly 
 observe most of excitations in the neutron dynamic spectra, which agree excellently with the analytical prediction, and the 
spectra weights are also comparable too [Fig. 3(b)]. The excellent agreement between the analytical dynamical E8 spectrum 
and the neutron data supports the existence of complex E8 physics at the order-masked 1D QCP in BCVO.  
We note that although the field-theory model does not include additional microscopic details of the material (e.g. zone 
folding effect etc.), it, without fine tuning, still astonishingly takes into account almost all main excitations observed in the 
dynamic spectra, demonstrating surprising robustness of the E8 structure. The few additional features in the measured 
spectra due to microscopic details (zone folding effect etc.) can be fully taken care by the iTEBD method [22, 23] for the 
microscopic model in Eq. (1). The DSF (Eq. S5 in [21]) obtained from iTEBD is shown in Fig.3(c), which excellently 
agrees with the analytical E8 spectrum Fig.3(b). The obtained DSF gives single- and multi-E8-particle excitations with 
energy less than m8, which also exhibit clear peaked features in the continuum region. Due to the four-period screw 
structure of the BCVO, the DSF obtained from iTEBD is able to distinguish a zone folding peak in between the m3 and m4 
particle excitation, and another one coincident with multi-E8-particle excitation in between the m7 and m8 particle excitation 
[Fig.3(a, c)]. The lower spectral peak of m1 than m2 in neutron data at Q = (002) is attributed to the spin exchange 
anisotropic 𝜖 term in Eq. (1) following detailed iTEBD calculations.  
Furthermore, when the field deviates from the E8 phase, the E8 peaks gradually smear out (cf. Fig. S2 in [21]). To show 
that the realized E8 phase in BCVO close to the QCP is not accidental, we further carry out neutron experiments with other 
two nearby magnetic fields H = 4.5 T and 4.8 T at Q = (002). The frequency of the spectral peaks for different fields are 
collected and displayed in Fig. 3(d, e), where an evolution of mass distribution continuously passes through the E8 phase. 
Details of dynamical spectra for those field can be found in [21]. Shift of spectra peaks and spectral weight transfer with 
increasing field can be attributed to the decay of E8 particles [29, 30].  
The combined experiments on BCVO, detection of 1D QCP via NMR and the observation of dynamical spectrum through 
neutron scattering, together with their excellent agreements with the analytical results from the quantum E8 integrable field 
theory, unambiguously realize the beautiful E8 physics in this AFM materials, leaving us with an exemplary realization of 
the E8 spectrum. The precise iTEBD numerical simulation on the microscopic model in Eq. (1) further resolves the details 
of the spectrum and bridges accurately the essential physics in the quantum integrable model and the realistic dynamic in 
the material. This sets a concrete ground to explore the physics of E8 particles and excitations via, for example, pump-
probe process. 
Studying non-integrable effects is of great importance to give a comprehensive understanding on real materials since 
integrability is rare in reality. However, despite continuous theoretical efforts, it remains a great challenge so far largely 
due to lacking of an ideal real system. The BCVO now can serve as an ideal test bed: the realization of E8 phase in BCVO 
with transverse field is far away from the material’s 3D QCP, thus the effective 1D physics is robust and largely keeps 
intact when the system is tuned away from the masked 1D QCP. Then the corresponding 1D effective model turns into a 
perturbed quantum E8 model, which is no longer integrable with heavy E8 particles beginning to decay [29, 30]. Further 
exploration on how those decay processes manifest themselves on the spectra transfer in the dynamic response can now 
be readily tested by future experiments on BCVO to explore physics beyond integrability.  Last, our study shows that 
quantum many-body ground state continuously deforms with the tuning of external parameters (field, pressure, etc.) while, 
in the meantime, the dynamic spectrum rearranges itself according to different emerging symmetry. A better control and 
identification of the excitations above the ground state is therefore crucial to arrive at a comprehensive understanding for 
 the quantum many-body system and to study not only its equilibrium properties but also its non-equilibrium features (see, 
for instance, [31] and references therein).  
 
 
 
 
 
 
 
 
 
 
Fig 1. BaCo2V2O8 in a transverse magnetic field. (a) The crystal structure of BaCo2V2O8: A four-period screw chain, 
along the crystallographic c-axis, is formed by edge-shared CoO6 octahedral. [Co (or O) is labelled by blue (or red) spheres 
respectively]. Note that the apical Co-O bond are tilted ~5º from the c-axis. (b) Phase diagram of BCVO in transverse field. 
The ordered and paramagnetic phase are separated by the Néel temperature TN ( black circles with a solid guide line), and 
a 3D quantum phase transition appears at 𝐻௖ଷ஽ = 10.37 T determined by NMR spin-lattice relaxation rate data (see Fig. 
2(a)). The quantum critical point of TFIC at  𝐻௖ଵ஽ masked under the ordered phase with its quantum critical region outside 
the 3D ordered dome, and emergent exotic E8 phase in the blue ribbon area. (c) An illustration of E8 single particle masses 
mi (i = 1, 2, …, 8) along the energy axis (cf. Tab.S1 in [21]). The digits label the energy in unit of m1. The excitations for 
m3 (less but very close to 2m1) or heavier single particles overlap with a “continuum” due to multi-particle excitations 
when energy transfer is larger than 2m1 threshold. 
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Fig.2 1D QCP of TFIC universality identified by NMR measurements. (a) The spin-lattice relaxation rate 1/51T1 as 
functions of temperatures measured under different in-plane fields. (b) The 1D gap Δ obtained by fit data to 1/𝑇ଵ ~𝑇ି଴.଻ହ𝑒ି∆/௄ಳ் in the paramagnetic region with temperature from 6 K to 12 K. The solid line is a linear fit to the 
data, which gives the gap closing field of 4.7 േ 0.2T and provides a strong evidence for the 1D QCP of TFIC universality. 
Inset: An enlarged view of the data in the low-temperature, paramagnetic regime in the log-log scale, where the straight 
line is the 1D QCP guide line for 1/𝑇ଵ ~𝑇ି଴.଻ହ. The relaxation rate at transverse field near 5T follows this guide line, 
which characterize the spin dynamics at the 1D QCP. 
  
 
  
Fig.3 E8 excitation spectrum near the 1D QCP. (a) (Zone center) Intensity from inelastic neutron scattering experiment 
at Q = (0,0,2) in BCVO at the vicinity of the 1D QCP with H = 4.7 T at 0.4 K. Blue diamonds with error bars correspond 
to experimental data and black lines are the fit to the Gaussian functions. The red vertical lines at eight peaks correspond 
to the eight single E8 particles. Other peaks come from multi-particle excitation and zone-folding effect identified by 
iTEBD method on the effective model Eq. (1). The peak with mass 𝑚௜భ௜మ⋯௜೙ labels multi-particle channel with particles’ 
masses 𝑚௜భ𝑚௜మ ⋯𝑚௜೙. The colored regions illustrate contributions from zone-folding effect with transfer momentum at 
𝑞 ൌ 0 for regions near the F1 peak and at 𝑞 ൌ 𝜋/2 for regions near the F2 peak. (b) The analytical dynamic structure factor 
Dxx calculated from quantum E8 integrable field theory [21]. In accord with the experiment m1 is set as 1.2 meV and the 
analytical data are broadened in a Lorentzian fashion with full-width at half-maximum fixed at 0.08m1. It clarifies E8 
particles for series of peaks. Red curve stands for single-particle spectra, while black curve is obtained after including 
multi-particle contributions.  (c) Neutron scattering intensity from iTEBD calculations at the zone center. The black and 
 blue curves are results with and without zone-folding effect, which identify all the E8 excitations observed in experiment. 
(d) and (e) Inelastic neutron spectra peaks at different transverse field, with field-evolutions of the single- and multi-particle 
masses respectively, from Q = (0,0,2) in BCVO with H=4.5T, 4.7T, and 4.8T at 0.4 K. The dashed shapes in Figs. (d, e) 
illustrate the E8 particles above 4m1, which are not completely experimental resolvable due to the energy resolution limit 
(0.1meV) and the zone-folding effect.  
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[Supplemental Material] 
Methods  
Single crystals of BaCo2V2O8 (BCVO) were grown by the flux method (NMR) and the floating zone method in air (INS). 
The dimensions of the rod-shaped crystal used for the INS experiments are 6 mm in diameter and 40 mm in length. 
The 51V (I = 7/2, 51γ= 11.198 MHz/T) NMR spectra are measured by integrating the spin-echo signal with frequency 
sweeps. Fig. S1 depicts the 51V NMR spectra at a typical field of 5 T. At high temperatures, each spectrum consists of two 
peaks, consistent with two inequivalent 51V in the paramagnetic state, with field along the [010] direction. The further line 
splitting at 2 K is an evidence for the magnetic ordering.  The spin-lattice relaxation time 51T1 is measured on the left peak 
of the spectrum, as denoted by the down arrows in Fig. S1, by the inversion-recovery method with a 𝜋/2 pulse as the 
inversion pulse. The recovery curve is fit by the stretched exponential function 𝐼ሺ𝑡ሻ/𝐼ሺ0ሻ ൌ 𝑎ሺ1 െ 𝑒ିሺ௧/ భ்ሻഁሻ, where 𝛽 is 
the stretching factor which is about 1 above TN and less than 1 below TN.  
Fig. S1 The 51V NMR spectra at typical temperatures, measured under an in-plane field of 5 T applied along the crystalline 
a-axis. The center frequency 51γH = 55.9 MHz. The spectra are shifted vertically for clarity. The integrated spectral 
intensity is multiplied by temperature, which conserves as a constant due to Zeeman distribution. The down arrows mark 
the left peak of the spectra, at which the 51T1 is measured and reported in Fig. 2(a) of the main text. 
The inelastic neutron scattering measurements were taken at the Spin Polarized Inelastic Neutron Spectrometer (SPINS) 
at the NCNR and the cold neutron triple-axis spectrometer (CG-4C) at the High Flux Isotope Reactor (HFIR) at Oak Ridge 
National Laboratory (ORNL). A mass of ~2g single-crystal is aligned in (h0l) plane with the external field along the b-
axis. For SPINS, the final energy was fixed at 5meV, with horizontal collimation of guide-open-sample-80’-open. The 10 
T vertical magnet with orange cryostat (down to T=1.5 K) and 7 T vertical magnet with He3 refrigerator (down to T=0.4 
K) were applied, respectively. We obtained the spin dynamical structure factor for BCVO at different transverse fields 
(Fig. S2). The energy gap continuously decreases when field increases. E8 physics appears at around H = 4.7T.   For CG-
4C, a final energy of 5 meV was used with a horizontal collimator sequence of guide-40’-40’-120’. For both instruments, 
the contamination from higher-order beams was effectively eliminated using Be filters. 
Fig. S2 Spin dynamical structure factor data measured by Neutron scattering experiments with Q = (0,0,2) in BCVO at 0.4 
K, under different transverse field along the [010] direction. Because of explicitly large data counting for energy larger 
than 3meV from 4.5T to 4.8T in the neutron experiment, the error bars are within the size of illustrated data points.   
Numerical Calculations 
Consisting of screw-like chains of Co2+ along the crystallographic c-axis, BCVO shows an antiferromagnetic (AF) 
structure with the c-axis at zero magnetic field, suggests an Ising-like one dimensional structure. The AF chain in BCVO 
in the transverse field is described by the spin-1/2 XXZ model with Hamiltonian 1,2: 
ℋ ൌ 𝐽∑ ൣ𝑆௡,௜௭ 𝑆௡ାଵ,௜௭ ൅ 𝜖൫𝑆௡,௜௫ 𝑆௡ାଵ,௜௫ ൅ 𝑆௡,௜௬ 𝑆௡ାଵ,௜௬ ൯൧௡,௜ െ 𝜇஻ ∑ 𝑔෤௡,௜ 𝐇 ∙ 𝐒௡,௜ ൅ 𝐽ᇱ ∑ 𝑆௡,௜௭௡,௜ஷ௝ 𝑆௡,௝௭ ,                                       (S1) 
where the first term is the XXZ Hamiltonian with intra-chain interaction coupling 𝐽൐ 0, the anisotropic factor ϵ ൌ 0.46 for 
BCVO, 𝐒 ൌ 𝛔/2, and 𝛔 refer to the three Pauli matrices. The second term is produced by the external magnetic field 𝐇, 
with 𝜇஻ being the Bohr magneton and 𝑔෤ being the Lande tensor determined by the crystal structure. The third term is the 
inter-chain interaction with the coupling 𝐽ᇱ ൐ 0. In the Hamiltonian, 𝑛 is site index, and 𝑖, 𝑗 label different chains.  
Applying a transverse field along the [010] direction induces a staggered transverse field along the [100] direction and a 
staggered field along the [001] direction, the second term of the Hamiltonian at a chain is then written as 
𝜇஻ ∑ 𝑔෤௡ 𝐇 ∙ 𝐒௡ ൌ 𝜇஻𝑔௬௬𝐻 ∑ ሾ𝑆௡௬ ൅ ℎ௫ሺെ1ሻ௡𝑆௡௫ ൅ ℎ௭ cosሺ𝜋 ଶ௡ିଵସ ሻ𝑆௡௭ሿ௡                                                                           (S2) 
with the gyromagnetic ratio 𝑔௬௬ ൌ 2.75, the applied transverse field 𝐻, and the ratio of the induced fields to 𝜇஻𝑔௬௬𝐻 are 
set as ℎ௫ሺ௭ሻ ൌ 0.4ሺ0.14ሻ. The staggered transverse field suppresses the magnetic ordering significantly. 
At the external magnetic field 𝐻 ൏ 10T, the ground state of the Hamiltonian is an AF ordered state. Consider very weak 
inter-chain coupling in BCVO, we take mean-field approximation for the inter-chain interaction. Then the third term of 
the Eq. (S1) gives rise to a staggered longitudinal perturbation term with an effective field 𝐻′ as 
𝐽ᇱ ∑ 𝑆௡,௜௭௡,௜ஷ௝ 𝑆௡,௝௭ → െ𝜇஻𝐻′∑ ሺെ1ሻ௡𝑆௡௭௡  .                                                                            (S3) 
With the chain mean field approximation in Eq. (S3), we obtain a one-dimensional effective model to describe the system 
within the ordering dome as follows (Eq. (1) in main text), 
ℋ ൌ 𝐽∑ ൣ𝑆௡௭𝑆௡ାଵ௭ ൅ 𝜖൫𝑆௡௫𝑆௡ାଵ௫ ൅ 𝑆௡௬𝑆௡ାଵ௬ ൯൧୬ െ 𝜇஻𝑔௬௬𝐻 ∑ ቂ𝑆௡௬ ൅ ℎ௫ሺെ1ሻ௡𝑆௡௫ ൅ ℎ௭ cos ቀ𝜋 ଶ௡ିଵସ ቁ 𝑆௡௭ቃ௡ െ         𝜇𝐵𝐻′ ∑ ሺെ1ሻ𝑛𝑆𝑛𝑧𝑛  ,                                                                                                                                                  ሺS4ሻ 
where the effective field 𝐻′ can be determined self-consistently2. 
Following the effective Hamiltonian of Eq.S4, we then calculate zero-temperature space-time correlation 
〈𝑆ఓሺ𝒓, 𝑡ሻ𝑆ఔሺ𝟎, 0ሻ〉 using infinite time-evolving block decimation (iTEBD) 3. The Fourier transform of the correlation 
functions 
𝐷ఓఔሺ𝜔,𝑸ሻ ൌ ׬𝑑𝑡 ∑ 𝑒௜ሺఠ௧ି𝑸∙𝒓ሻ௥ 〈𝑆ఓሺ𝒓, 𝑡ሻ𝑆ఔሺ𝟎, 0ሻ〉                                                       (S5 ) 
 is related with the differential neutron scattering cross section (intensity) as  
ௗమఙ
ௗஐௗா ∝
ห௤೑ห|௤೔| ∑ ቀ𝛿ఓఔ െ ொഋொഌ|𝑸|మ ቁ |𝐹ሺ𝑸ሻ|ଶఓ,ఔୀ௫,௬,௭ 𝐷ఓఔሺ𝜔,𝑸ሻ                                                      (S6) 
where 𝐹ሺ𝑸ሻ is the magnetic form factor and the scattering vector Q is defined as 𝑸 ൌ 𝑞௜ െ 𝑞௙ with 𝑞௜ , 𝑞௙ as the initial and 
final wave vectors, respectively. In our numerical calculation, we set |𝑞௜| ൌ |𝑞௙| and assume a uniform form factor. For 
different scattering direction Q, 𝐷ఓఓሺ𝜔,𝑸ሻ ሺ𝜇 ൌ 𝑥,𝑦, 𝑧ሻ contributes to the neutron cross section with different weight 4. 
For example, the intensity contains 100%, 99.3% and 0.7% of 𝐷௬௬, 𝐷௫௫ and 𝐷௭௭ components at the zone centre (ZC) 
position Q=(0,0,2). We ignore the small cross term 𝐷ఓఔሺ𝜔,𝑸ሻ ሺ𝜇 ് 𝜈ሻ 2. 
Starting from the configuration near the TFIC phase transition of the effective 1D model (Eq. (S1)) without the mean-field 
𝐻ᇱ term and then adding an effective field 𝜇஻𝐻ᇱ ൌ 0.018𝐽ିଵ 2, we obtain the ground state in the E8 region. In the iTEBD 
calculations, the bond dimension is χ ൌ 45 , and the discretized time interval for time evolution is 𝑑𝑡 ൌ 0.02𝐽ିଵ .  
Calculation of the correlation function is numerically expensive in general. A usual practical approach is to extrapolating 
the correlation function to longer times with linear predictions 5, which produces the spectrum with few frequencies 6. 
However, it is too artificial to extrapolate the correlation with larger numbers of frequencies, e.g. all the frequencies of 
many-body excitations of E8 particles. Thus, we take large number of steps for time evolution, up to 10000 steps and 
Fourier transform the correlation functions without any extrapolation.  
We also calculate the dynamical structure factor and the corresponding neutron scattering intensity for the system without 
small induced component along the c-axis (the ℎ௭ term in Eq. (S2)) and find that the effect of the ℎ௭ term is negligible, 
which is consistent with the previous study on the universality of the quantum phase transition7 and the dynamical structure 
factor 2. 
Our intensity results excellently agree with the experimental data of all the single- and multi-quasiparticle excitation with 
energy up to m8. Furthermore, the additional peaks observed in experiment from zone folding effect are also emerged in 
the numerical simulation [see Fig.3(c) in the main text], i.e. an additional peak F1 in between m3 and m4 is from 𝑞 ൌ 0   
and F2 (coincidence with P13) is from 𝑞 ൌ /2. These iTEBD results indeed validate the model Hamiltonian and support 
the E8 physics hiding in BCVO.  
Theoretical Analysis 
The identified 1D QCP belongs to the transverse field Ising chain universality class 7, thus the emergent physics at the 
QCP is controlled by the conform field theory with central charge 𝑐 ൌ 1/2. Due to the antiferromagnetic nature of the 
Ising coupling along the chain in the material, for emerging quantum E8 integrable model, a staggered longitudinal field is 
needed to couple to the relevant field. Fortunately, the 3D AF ordering now provides such an effective staggered 
longitudinal field. As such the physics around the masked 1D QCP can now be described by the central charge 1/2 CFT 
perturbed by the relevant field 8,9,10: 
𝒜ாఴ ൌ 𝒜ଵ/ଶ ൅ ℎ׬ 𝜎ሺ𝑥, 𝜏ሻ𝑑𝑥𝑑𝜏                                                                            (S7) 
Where 𝒜ଵ/ଶ  is the Hamiltonian of the 𝑐 ൌ 1/2 CFT, and the second term is a perturbation from the field 𝜎ሺ𝑥ሻ with 
coupling h 9. The universality of the original model allows one to use the effective integrable field model to describe the 
excitation in BCVO. We calculate the spin dynamic structure factors, e.g. for the zero-momentum transfer case: 
𝐷ఈఈሺ𝜔, 𝑞 ൌ 0ሻ ൌ ∑ ׬ ௗఏభ⋯ௗఏ೙ேሺଶగሻ೙షమ หൻ0ห𝜎ఈห𝐴௔భሺ𝜃ଵሻ⋯𝐴௔೙ሺ𝜃௡ሻൿหଶ𝛿ሺ𝜔 െ 𝐸ሼ𝑎௜ሽሻ𝛿ሺ𝑃ሼ𝑎௜ሽሻାஶିஶஶ௡ୀ଴ , ሺ𝛼 ൌ 𝑥, 𝑧ሻ,                          (S8) 
 
 where 𝑁 ൌ ∏ 𝑛௜!௜଼ୀଵ , 𝑎௜ ൌ 𝑚ଵ,⋯ ,𝑚଼ ሺ𝑖 ൌ 1,⋯ ,𝑛) labels a particle with corresponding mass in the E8 model. In addition, 
𝐸ሼ𝑎௜ሽ ൌ ∑ 𝑎௜ cosh𝜃௜௡௜ୀଵ , and 𝑃ሼ𝑎௜ሽ ൌ ∑ 𝑎௜ sinh𝜃௜௡௜ୀଵ . We determine 𝐷ఈఈሺ𝜔, 𝑞 ൌ 0ሻ  with a cut-off energy in our 
calculation fixed at 𝜔௖௨௧ ൌ 5𝑚ଵ (here ℏ and 𝑐 are set as one, 𝑚ଵ is the mass of the lightest particle in the model), which 
is above the threshold of two-particle excitation. To achieve this realistic goal, we calculate all contributed channels [cf. 
Table S1] within which the sum of particles’ masses is smaller than 𝜔௖௨௧. Following Ref. [11], 𝐷௬௬ሺ𝜔, 𝑞 ൌ 0ሻ can be 
immediately obtained from 𝐷௭௭ . As an illustration, the results for 𝐷௫௫ሺ𝜔, 𝑞 ൌ 0ሻ  are summarized in Fig. S3 with 
contribution from each independent single- or multi-particle channel, where the analytical data are broadened in a 
Lorentzian fashion with full-width at half-maximum fixed at 0.08m1 corresponding to 0.1 meV energy resolution in 
experiment with m1 = 1.2 meV. The DSF spectra from each multi-particles channel form a continuum, however, every 
continuum has its own special feature. It is especially significant for the two-particle scattering channel (Fig. S3(b)) where 
each one exhibits a clear peak near the threshold (sum of static masses) followed by a long tail. It can be clearly observed 
that the total of them leave us clear and distinguishable peaks, bumping up and down in the spectrum continuum region. 
These unique features can be directly observed in inelastic neutron experiments with proper resolution (Fig. 3 in main text).  
From the analytical results, we observe that, similar to the iTEBD calculation, in addition to the single-particle peaks, 
multi-particle channels also exhibit clearly distinguishable peaks for the spectrum continuum above the two-particle 
threshold.  
  |𝑛⟩ the total energy reduced by mଵ |𝑛⟩ the total energy reduced by mଵ 𝐴ଵ 1 𝐴ଶ𝐴ହ ≥4.5743 𝐴ଶ 1.6180 𝐴ଶ𝐴଺ ≥4.8364 𝐴ଷ 1.9890 𝐴ଷ𝐴ଷ ≥3.9781 𝐴ସ 2.4049 𝐴ଷ𝐴ସ ≥4.3939 𝐴ହ 2.9563 𝐴ଷ𝐴ହ ≥4.9453 𝐴଺ 3.2183 𝐴ସ𝐴ସ ≥4.8097 𝐴଻ 3.8912 𝐴ଵ𝐴ଵ𝐴ଵ ≥3 𝐴଼ 4.7834 𝐴ଵ𝐴ଵ𝐴ଶ ≥3.6180 𝐴ଵ𝐴ଵ ≥2 𝐴ଵ𝐴ଵ𝐴ଷ ≥3.9890 
𝐴ଵ𝐴ଶ ≥2.6180 𝐴ଵ𝐴ଵ𝐴ସ ≥4.4049 𝐴ଵ𝐴ଷ ≥2.9890 𝐴ଵ𝐴ଵ𝐴ହ ≥4.9563 𝐴ଵ𝐴ସ ≥3.4049 𝐴ଵ𝐴ଶ𝐴ଶ ≥4.2361 𝐴ଵ𝐴ହ ≥3.9563 𝐴ଵ𝐴ଶ𝐴ଷ ≥4.6071 𝐴ଵ𝐴଺ ≥4.2183 𝐴ଵ𝐴ଷ𝐴ଷ ≥4.9781 𝐴ଵ𝐴଻ ≥4.8912 𝐴ଶ𝐴ଶ𝐴ଶ ≥4.8541 𝐴ଶ𝐴ଶ ≥3.2361 𝐴ଵ𝐴ଵ𝐴ଵ𝐴ଵ ≥4 𝐴ଶ𝐴ଷ ≥3.6071 𝐴ଵ𝐴ଵ𝐴ଵ𝐴ଶ ≥4.6180 𝐴ଶ𝐴ସ ≥4.0229 𝐴ଵ𝐴ଵ𝐴ଵ𝐴ଷ ≥4.9890 
 
Table S1. The first 36 lowest-energy (൏ 5m1) states entering the spectra series obtained from Eq. (S8). The subscript in Ai 
in the first column labels the corresponding E8 particle with mass mi. The second column lists the characteristic energy or 
the lower-bound of the excitation. Although total momentum is zero, but an internal momentum distribution is allowed for 
particles in the multi-particle state. Therefore, the total energy carried by multi-particles is larger than the sum of static 
masses.  
 
 
Fig. S3 DSF spectra for individual scattering channel: (a) single-, (b) two-, (c) three-, and (d) four-particles’ contributions 
to the Dxx.  
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